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ABSTRACT   
Graphene has attractive great attention from many scientists due to its supernal properties such 
as electrical, thermal, optical, chemical, mechanical properties. Since 2004, many methods to 
make graphene had investigated such as epitaxial growth, chemical vapor deposition. Graphene 
has advantages that can be applied to many fields and research is under way to further strengthen 
it. One of them is to convert the two-dimensional graphene into a three-dimensional structure. 
Three-dimensional (3D) structured graphene not only preserves the existing advantages, but also 
has a large surface area to avoid re-stacking. Another way is to modify the surface to activate the 
surface of graphene. First, I studied on the route to make 3D graphene and lotus leaf-inspired 3D 
graphene using CVD methods and the change of graphene surface with different transfer method 
and its used as SERS substrate. To fabricate 3D structured graphene, we employed silica particle 
as template and the prepared 3D graphene used for super capacitor and We studied a method to 
directly fabricate lotus leaf-inspired 3-dimensional (3D) graphene structures by a CVD method. 
By simply heating commercial copper foil under an oxygen condition, CuO nanowhiskers 
supported on a copper substrate have been created. The annealing of CuO under a hydrogen 
condition at high temperature returns CuO (II) back to Cu (0), leading to reconstruction of the 
3D structures in the form of double hierarchical bumps. The 3D graphene we have synthesized 
is assembled with properties similar to those of individual graphene sheet but possess an 
additional super-hydrophobic property obtained by the shape of the lotus leaf-inspired double 
hierarchical bumps. Second, we explore the effect of the method used to transfer the copper-foil-
grown graphene onto another substrate on its chemical effect on the Raman scattering. We have 
found that graphene transferred using the PMMA method produces 6 times the RS signal increase 
of that produced by graphene transferred using thermal release. In addition, the large surface area 
and the availability of 3-dimensional responses to external stimuli provide further potential for 
using 3D structures in diverse areas of energy-related materials and tissue engineering. In 
particular, porous carbon materials have been suggested as effective electrodes for energy devices 
due to their large surface area and size tunable porosity for easy access of the electrolyte. More 
specifically, effective surface area and pore volume the nanostructure provide active sites for 
better performance of the energy devices, which operates via a mechanism of charge-transfer at 
the electrochemical interface between the electrode and electrolyte. Lastly, I studied on the direct 
route to producing hierarchical graphene structures of fertility-layer graphene grown by CVD 
without using flammable gas. Meso-pores are formed by the loss of organic materials during the 
carbonization process of polymer composites and metal precursors. Carbonized carbon and 
reduced metal precursors in a hierarchical structure formed by the thermal annealing of the 
sample in a hydrogen gas environment provide a solid carbon source and a catalyst for the 
graphene growth during the CVD process, respectively. The outstanding properties of 
 11
hierarchical graphene structures suggest the great potential of interconnected graphene networks 
for application. 
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CHAPTER 1. REVIEW 
1.1 Graphene 
1.1.1 Introduction 
Historically, carbon allotrope is attractive many scientist. Graphite (figure 1 a and b), the longest known 
carbon allotrope, was discovered in a nine near Borrowdale in the 16th century. Graphite is stacking of 
graphene sheets (figure 1 b) due to the van der Waals interaction which is weaker than covalent bonds. 
These properties explain why it is scratched over rough surface such as a paper. Thin layered graphene 
sheets are exfoliated from graphite and now stick to the surface because of weak van der Waals 
interaction between layers. In 1985, Robert Curl et al discovered 0-D graphitic allotrope named 
fullerenes1. It consists of a graphene sheet and forms graphene sphere because some hexagons in 
graphene are collapse and crumbling (figure 1c). C60 had been predicted before, in 1970, by Eiji Ozawa. 
Furthermore, Sumio Iijima introduced new carbon allotrope known as carbon nanotubes(CNT) (figure 
1 d-e) which is 1D carbon material and rolled up graphene sheet with few nanometers diameter2,.  
Lastly, in 2004, the graphene, a carbon sheet having atomic scale thickness including sp2-bonded carbon 
atoms in a honeycomb crystal lattice, has introduced by novoselov et al.3 This finding is attractive large 
attention as materials for next generation because it has supernal properties such as electric properties, 
ballistic transport, thermal conductivity, optical property and chemical stability. The mechanical 
cleavage, which is first method to obtain a single graphene, gave high-quality graphene sheet and many 
scientists the opportunity to study natural properties of graphene4. Furthermore, this method led to new 
study field to grow graphene. Due to that, high-quality graphene produced using epitaxial growth and 
CVD method and new methods to transfer produced high-quality graphene to other substrate for 
application in devices5 have introduced  
 
1.1.2 Electronic properties 
The pure graphene sheet has attractive electronic properties such as high charge-carrier mobility, am-
bipolar field effect, quantum hall effects, ballistic transport and Klein paradox due to the 2D single atom 
thick hexagonal lattice6-7. The carrier mobility of free standing graphene on a substrate can reach up to 
200,000 cm2V-1S-1 which can use for ultrafast electronics and optoelectronics8.  Unfortunately, 
however, its is limited up to 15,000 cm2V-1S-1 because the ripples, scattering and defects are formed 
during growth and transfer3,7. Since graphene has a zero gap, a lot of science make efforts to open a 
band gap using different methods, such as 1D nanoribbon, nano-mesh and hydrogen patterning. 
However, because graphene has a zero band gap, many efforts have been tried to open a band gap such 
as ribbon 2D graphene, nano-mesh and patterning9-11.  
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Figure 1 : Graphitic allotopes (a)bulk Graphite. (b) Layered Structure of graphite. (c) 0-D allotope. (d) 1-
D allotope : single-wall carbon nanotube. (e) Optical image of a carbon nanotube. 
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 1.1.3 Mechanical properties of graphene 
The mechanical properties of pristine sheet have been determined using AFM (figure 2 a and b). The 
graphene without defect had a Young’s modulus of up to 1.0 TPa and a fracture strength of 130 GPa12. 
Table 1 shows the experimental Young’s moduli of graphene is from 0.9 to 1.1 TPa12. Many parameters  
that affect the Young’s modulus of graphene, such as the chirality Young’s the chirality13, the presence 
of defects and wrinkles14, and functionalization15-16 had reported. Figure 2c indicates the model for 
graphene with armchair(zigzag) from 0 to 30º, showing that the Young’s modulus varied in a narrow 
range from 1.0086 TPa (the zigzag) to 1.050 TPa (the armchair) (figure 2 d). This result approved with 
the previous theoretical elastic properties of graphene should be relatively independent of the 
orientation direction and thus the Young’s modulus should not be affected by the chirality model. 
1.1.4 Optical properties 
The Dirac fermions of graphene (the infrared to visible light) is invariable and presented by the high-
frequency conductivity of Dirac fermions in graphene is constant and given by  
πe2 / 2h.  eq 1 
 
For incidence light, T(indicates the optical transmittance) and R(reflectance) are given as follows: 
T=(1 +1/2πα) -2   eq 2 
 
R=(1/4)π2α2T, eq 3
where 
α= 2πe2 / hc  ≈ 1/137  eq 4 
 
e represents the electron charge, c and h is the light speed, and the Planck’s constant. amalgamating 
Eqs. (3) and (4) yields the opacity of graphene: 
(1−T) ≈ πα ≈ 2.3%.   eq 5  
According to figure 3 a-b, the transparency of mono-layer graphene is ~97.7%, and the opacity is 
linearly proportional with increasing the number of layers with one layer equivalent to 2.3 %21. 
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Figure 2. Mechanical properties of graphene sheet, graphene oxide(GO), and GO papers. (a). SEM image 
of a graphene sheet. (b) Schematic of free standing graphene. (c) Molecular model of graphene with chiral 
angles13. (d) Young’s modulus of graphene with different chiral angles13. (e) Stress-strain curve of graphene 
sheets containing stone-Wales defects along with morphological changes with increasing strain14. (f) Shear 
stress–strain curves for pristine graphene and GO sheets functionalized with carboxyl and hydroxyl 
groups13. (g) Tearing tough- ness of GO papers with different size groups17. (h) Cross-sectional SEM images 
and schematic of self-assembly process of GO sheets with different sizes13 (S-GO in the left panel and UL-
GO in the right panel). SEM scanning electron microscope, S-GO small graphene oxide, UL-GO ultra-
large graphene oxide3.  
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Method13,15,16,18-20 E(TPa) 
Nanoindentation 1.02 
Phonon dispersion 1.01 
Ab initio computations 1.05 
Density functional theory 1.05 
First principles calculations 1.01 
MD and MM simulation 1.05-1.09 
Empirical force constant calculations 1.13 
Table 1. Young's modulus of pristine graphene from representative experimental and theoretical 
investigation18. 
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These observations were further proven for CVD- graphene that the optical transmittance was reduced 
by 2.2–2.3% for an increasing number of layer 22(Figure. 2 (a)). Therefore, the thickness of graphene 
was determined using white light on samples supported on a SiO2/Si substrate23, as shown in Figure. 
2(d). 
1.1.5 Thermal properties 
The thermal properties of lattice vibrations of graphene have attracted interest of researcher in the 
physics, chemical, material, and engineering part. Transport properties of graphene were substantially 
different compared to bulk graphite or 3D materials. Because the carrier density of natural graphene is 
relatively low, the electronic contribution in thermal conductivity of graphene should be negligible by 
the Wiedemann Franz law. The that of graphene is controlled by transport properties of phonon in 
graphene. Acoustic phonons of graphene are the major heat carriers at room temperature, whereas 
optical phonons are used for counting the number layers using Raman spectra with FLG26. The 
theoretical thermal conductivity of suspended monolayer graphene is about 6000 Wm-1K-1 at room 
temperature according to the MD simulations by the Green–Kubo approach. it is much higher than that 
of graphitic carbon27. The thermal conductivities of that were measured using an Raman spectra where 
a incident light was focused on a suspended graphene sheet over a 1-μm-wide trench, which was 
connected to heat sinks at its ends to provide heat sources. Thermal conductivities were determined 
from the dependence of Raman G-peak wavelength and the independently measured G-peak 
temperature coefficient. The thermal conductivity of single-layer graphene is from 4.84×103 to 5.30 × 
103 W/mK at room temperature.  
1.1.6 Synthesis methods 
1.1.6.1 Exfoliation and cleavage 
Mechanical exfoliation is the interesting method to peel off single graphene from graphite flakes using 
simple item such as a Scotch tape. As shown in Figure. 3, the graphene was optically confirmed on SiO2 
layer on Si3,4. Since the van der Waals force between interlayers in graphite is very weak (inter-action 
energy of ~ 2 eV/nm22), it can be easily exfoliated by Scotch tape28. The graphene and graphite flake 
can be transferred onto the substrate having smooth surface and thin pieces using optical microscopy 
by the tape3,29.  
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Figure 3. Optical properties of graphene. (a). Optical image of monolayer and bilayer graphene sheets on 
the substrate. (b0 Transmittance of monolayer graphene (open circles). (Inset) Transmittance as a function 
of number of graphene layers. (c) UV–vis spectra of layered transferred graphene films on substrates. (d) 
Optical image of graphene with different layers29 
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The method determinates skill to find mono-layer graphene sheets in multilayer flakes, and after likely 
number of graphene layers are identified with an optical microscope. Thicknesses of graphene layer can 
be determinated by Raman spectrum or AFM29. The choice of substrate is important and the apparent 
contrast of graphene monolayer on a SiO2/Si substrate was up to 12 % at 550 nm. This finding was 
explained by a Fabry–Perot multilayer cavity. The optical path added by graphene to the interference 
of the SiO2/Si substrate30,31. Thick graphite flakes deposited on a SiO2 appeared yellow to bluish with 
decreasing the thickness (Fig. 3 (a)), while multi or mono-layer graphene appeared darker to lighter 
purple (Fig. 3 (b)). This skill is not scalable and for mass production, even though the samples of 
graphene thereby obtained should be useful to characterize inherent properties in fundamental studies.  
1.1.6.2 Thermal chemical vapor deposition 
1.1.6.2.1 Graphene grown on Ni 
In case of Chemical Vapor Deposition(CVD) methods, graphene is grown directly on a transition metal 
surface using saturation of carbon with injection to a carbon precursor at a high temperature5,22. Nickel 
or copper films are common used to grow graphene as the substrate with the carbon source as gas. Once 
the temperature of substrate is decreased to room temperature, the melt carbon in metal on the substrate 
saturate and the carbon triggers to form one- to few-layer graphene sheets on the substrate. One of 
advantages of this method is their high compatibility with the CMOS (complementary metal oxide 
semiconductor) technology. A standard disadvantage is that controlling the film thickness is hard and 
poly-crystals are easily formed33, although some methods has been succeeded to make equal graphene 
layers using the CVD method34. Another disadvantage is that substrate materials for graphene growth 
is expensive, significantly limiting its applications for large-scale production. Nevertheless, this method 
is an important to produce mass production with no defect and electronic disorder, making it an 
outstanding potential for applications. The formation of FLG on surface of metal has been known. In 
most cases, the Ni films with polycrystalline deposited on SiO2/Si wafer are first annealed up to 1000 °C 
with H2 and Ar gas to make smooth surface. The nickel films are then exposed to a H2 and CH4 mixture 
so that the carbon source was supplied and can dissolve into the Ni film due to high solubility of carbon 
at high temperature. Finally, the metal substrate is cooled down to room temperature in an inert mood. 
As the solubility of carbon atoms decreases as the temperature goes down, the carbon atoms saturate 
from the Ni–C solid solution during cooling and precipitate onto the Ni surface to form graphene films35.  
1.1.6.2.2 Graphene on Cu 
because of the solubility of carbon in metal and grain boundaries of metal surface, the grown graphene 
films usually form both one and multi-layer graphene with polycrystalline. Copper foil is a potentially 
suitable substrate to grow one layer or multi-layer graphene because Cu has extremely low solubility of 
carbon37. Ruoff’s group first reported the methods to grow high-quality single-layer graphene on 
polycrystalline Cu foils, which attracted attention due to the advantages of good control of graphene 
 20 
layers, low cost, and transfer. The Cu foil was annealed at 1000 °C in a hydrogen and argon atmosphere. 
A mixture of H2/CH4 gas was then injected into the chamber to make trigger of graphene and grow 
graphene on the Cu foil. The substrate was cooled down to room temperature in inert mood after a 
continuous graphene was formed. The SEM image clearly shows Cu grains with color contrast. The 
high-resolution SEM indicates that these Cu surface steps were formed during thermal annealing. The 
darker flakes indicate multilayer graphene, while the wrinkles originated from the different thermal 
expansion coefficients between graphene and Cu. The wrinkles went across the Cu grain boundaries, 
confirming that the graphene film was continuous. The grown graphene films can be transferred to 
another substrate using various transfer methods. The quality and uniformity were determined by 
Raman spectroscopy. The Raman spectra showed a G to 2D peak intensity ratio (IG/I2D) of ~ 0.5 and a 
symmetric 2D band centered at ~ 2680 cm-1 with a full width at half maximum (FWHM) of ~ 33 cm-1, 
confirming the monolayer graphene. 
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Figure 4 : Graphene on a nickel substrate. (A) Illustration of graphene growth in different steps. (B) Schematic 
of full-wafer scale deposition of graphene layers on polycrystalline Ni by chemical vapor deposition (CVD). (C) 
E-beam-evaporated Ni film of thickness 100 nm on a 10 cm diameter SiO2/Si wafer. (D) Atomic force microscopy 
(AFM) image of a Ni film after CVD of graphene layers35. 
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1.2.6.1 Chemical methods 
The most common methods for oxidation of graphite is using graphite powder, which allow produced 
by removing contaminations from naturally occurring graphite and mass production38. Because of the 
gap between inter-layers in graphite, the intercalating agents are able to expend between the graphene 
layers under chemical reactions, forming graphite intercalation compound (GIC). The experiments to 
investigate the insertion of additional chemical species between the basal planes have been performed 
extensively since the successful formation of the first intercalation compound using potassium33. Figure 
5 shows the structures of GICs, which correspond to approximate compositions39. The interlayer 
spacing of GIC has increased from 0.34 nm to 1 nm depending on the intercalant with reducing the van 
der Waals forces between sheet. The weak van der Waals forces make easier to exfoliate graphene from 
graphite, offering a possible route to fabricate single layer graphene or graphene oxide (GO). Other 
methods is using expansion of interlayer spacing by thermal shock (~ 1000 °C) to produce expanded 
graphite (EG). As shown in Fig. 5, the halogen intercalants can be introduced into the host material of 
highly ordered pyrolytic graphite (HOPG) and sequentially to form layered structures40.  
Graphite oxide was first prepared almost 150 years ago by Brodie, who treated graphite repeatedly with 
potassium chlorate and nitric acid9. The oxidizing agent made negatively charged thin platelets form 
surface of graphite that consist of single- to multilayer carbon. Monolayer graphite oxide is now widely 
acknowledged and recognized as GO. The term “sheets” usually indicate monolayer to several layers, 
while “platelets” is often used to describe thicker multilayer GO or rGO42. Figure 5 shows the process 
involved in the exfoliation of graphite oxide into individual GO sheets. The exfoliation is facilitated by 
rapid heating or ultrasonic agitation, while excessive ultra-sonication often results in breakage or 
fragmentation along with a significant reduction in lateral dimensions of GO sheets43. Individual GO 
sheets can be viewed as graphene decorated with oxygenated functional groups on the basal plane and 
around the edges. Due to the ionization of carboxyl groups present at the edges, GO can be 
electrostatically stable to form a colloidal suspension in water, alcohols, and certain organic solvents 
without surfactants.  
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Figure 5. Reduction of graphene oxide (GO). (a) Oxidation of graphite to GO and reduction to reduced 
graphene oxide (rGO)7. (b) Single suspended sheet of graphene. (c) Single suspended sheet of GO. (d) 
Suspended monolayer of rGO.  
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1.2.6.3 Synthesis of 3D graphene 
Currently, various carbon materials are widely used as electrode materials for energy storage and 
conversion devices owing to their several advantages such as high conductivity, chemical stability for 
resistance to acid and alkaline, large active surface area. Since the first discovery of graphene 
nanosheets by Novoselov and Geim3, numerous researchers have been fascinated by the study of this 
newly discovered carbon material and its various applications. Owing to its unprecedented electrical 
conductivity (calculated to be over 15000 cm2 V-1 s-1), excellent thermal conductivity (between 1500 
and 2500 W m-1 K-1), large surface area (2630 m2 g-1, much larger than those of carbon black of about 
900 m2 g-1), high mechanical strength, and low density, 2D graphene has been widely used in many 
fields such as biomedical applications and energy applications (fuel cells, secondary batteries, and 
capacitors). Although 2D graphene has displayed excellent performance in many applications, two 
critical issues should be addressed. First, graphene sheets are easily restacked, which would block the 
active sites of electro-catalysts and increase the resistance to mass transfer, leading to poor electro-
catalytic properties and second, graphene sheets lack pores ranging from micro- to macro-sized that 
favor rapid mass transfer, as well as increasing the surface area. Hence, 3D graphene-based structures 
with high porosity provide a way of tackling these two issues. Micro- (<2 nm) and meso-sized (2–50 
nm) pores could significantly increase the active surface area, whereas macro-sized (>50 nm) pores act 
as open channels, which are crucial for accelerating the mass transfer rate and favoring accessibility to 
the surface. Despite the superior properties of 3D graphene such as a large active specific surface area, 
excellent electrical conductivity and outstanding mechanical strength, researchers have never stopped 
enhancing its efficiency via relentless study and investigation. However, the laborious mechanical 
exfoliation approach has prompted researchers to search for much more facile methods. In recent years, 
numerous methods of fabricating high-quality graphene have been developed in order to meet the 
requirements of large-scale production. 3D graphene first came into being in the form of an aerogel 
prepared by Vickery et al. via a freeze-drying method in 2009. Since then, various forms of 3D graphene 
macrostructures including aerogels, hydrogels, sponges, and foams have been formed by self-assembly, 
template-directed methods, etc. Here, aerogels and hydrogels of 3D graphene are basically classified 
by their preparation method, depending upon the method used for the extraction of liquid from the solid 
network of the gel system. The terms hydrogel is used when the liquid in the gel network is water and 
an organic solvent, respectively. When the liquid in the gel is extracted in the supercritical state of the 
liquid, these materials are called aerogels. The differences between a sponge and a foam mainly lie in 
their mechanical properties. A sponge can be compressed reversibly, whereas a foam is typically rigid 
and cannot be compressed repeatedly. For the synthesis approach, the self-assembly approach is the 
most widely used method, as it avoids the complex process of removal of the template used in the 
template-directed approach.  
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1.2.6.2.1 Self-assembly-directed method 
The self-assembly method has been considered to be an effective strategy for the bottom-up 
construction of nano-scale materials. GO fabricated via the typical or modified Hummers method can 
act as a cost-effective building block for self-assembly into 2D graphene films or 3D macrostructures 
such as hydrogels,31–33 aerogels,33–38 papers,39,40 sponges39 and hybrid structures. This is because the 
planes and edges of GO sheets are decorated with an abundance of functional groups such as epoxy, 
hydroxyl, and carboxylic acid, which are hydrophilic, and the repulsive forces that are induced favor 
the stable formation of well-ordered macrostructures. The self-assembly behavior is mostly promoted 
by partial π–π stacking. In addition to GAs, graphene papers, graphene films, etc., are usually obtained 
via freeze-drying or ScCO2 drying techniques instead of direct drying. This is because direct drying 
would cause the collapse of pores owing to the capillary forces induced by the evaporation of water. 
Freeze-drying could conserve most of the pores, because the water sublimates directly from the solid 
phase to the gas phase without destroying the skeleton. ScCO2 drying is another efficient way to 
eliminate surface tension during the water evaporation process to maintain pore volumes. Ruoff et al. 
obtained freestanding assembled GO paper employing a vacuum filtration and freeze-drying approach 
in 2007. Following this method, Liu et al. reported a technique for obtaining GO thin film and sponge 
using a speed vacuum concentrator and then drying processes. The key factor in forming GO sponges 
and films lies in the temperature-controlled evaporation rate. At 40 °C, the force derived from 
centrifugation is much larger than the force due to water evaporation. Thus, GO sheets tend to become 
connected into a network via the van der Waals force. However, at 80 °C, the evaporation force becomes 
the dominant force due to the increased evaporation rate, which results in the rapid generation of the 
first GO film layer at the liquid/vacuum interface, followed by the self-assembly of the second and third 
layers. RGO sponges and films were obtained via reducing the as-obtained GO by thermal annealing at 
800 °C. In the same year, Shi et al. fabricated thermally stable 3D graphene hydrogels via a one-step 
hydrothermal reduction process in a sealed Teflon-lined autoclave at a relatively low temperature (i.e., 
180 °C) for 12 h, which featured impressively high mechanical strength (the storage modulus was about 
450–490 kPa) and high electrical conductivity (5 × 10−3 S cm−1). A hydrogel is a jelly-like network 
material that has a high-water content and an aerogel is a solid network material derived from a hydrogel, 
but the liquid is replaced by a gas. 3D GHs and GAs are usually formed in association with self-
assembly procedures and have been extensively used in numerous applications. Fig. 2A shows the 
assumed mechanism of formation of a hydrogel, which indicates that the driving forces for the self-
assembly of GSs are hydrophobic and π–π bond stacking interactions without any stirring disturbance, 
which means that a steric hindrance effect may benefit the conjugation of GSs. The outstanding 
mechanical properties of the self-assembled GHs fabricated by Shi’s group are mainly a result of their 
strong building blocks,53 large sites of physical cross-linking via π–π stacking interactions and partial 
overlapping or coalescing of GSs, because they are different from GHs that are self-assembled via 
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conventional physical cross-linking owing to the weak interactions caused by hydrogen bonding, van 
der Waals forces, π–π interactions, and inclusion interactions. However, these methods should be 
modified or improved for the mass production of 3D graphene without the strict requirements for high 
temperature and pressure. In 2011, Chen et al. reported a more facile in situ self-assembly method under 
mild conditions for preparing a 3D architecture of GHs. They also studied the effect of various reducing 
agents including sodium hydrogen sulfite (NaHSO3), sodium sulfide (Na2S), vitamin C, hydrogen 
iodide, and hydroquinone on the reduction of GO. They found that the reducing time required to form 
the 3D structure varied using different reducing agents (Fig. 2C). The shape of the hydrogel can also be 
controlled by utilizing differently shaped reactors, revealing the isotropic shrinkage of self-assembled 
GO sheets. Besides, the 3D GH reduced by HI had the highest electrical conductivity (110 S m−1), 
which is most probably attributed to its higher density (37 mg cm−3 ) and higher level of reduction (the 
ratio of C/O is 8.5) compared with the use of other reducing agents. In addition to the direct self-
assembly of GSs to form 3D graphene macrostructures, divalent ions (e.g., Ca2+, Ni2+, and Co2+) and 
DNA molecules could also have the same effect. Jiang et al. reported the successful fabrication of a 3D 
graphene architecture driven by divalent ions at 120 °C and strengthened by polyvinyl alcohol (PVA). 
They showed the mechanism of divalent ion linkage, in which rGO sheets are interconnected by 
chemical and hydrogen bonds derived from water molecules, divalent ions and oxygen containing 
functional groups in the rGO sheets. Fig. 3B and C show as-obtained photos and SEM images of an 
rGO hydrogel obtained via divalent ion linkage. Fig. 3D shows the mechanism of controlled self-
assembly of GO via DNA hybridization. Because divalent metal ions such as Ca2+, Co2+ and Ni2+ and 
DNA molecules have superior biocompatibility, they could be employed in the fields of tissue 
engineering, bio-sensing or molecular storage. In order to cater to various applications, 3D graphene 
doped with B and N has been fabricated via a self-assembly approach. Wu et al. adopted ammonia boron 
trifluoride (NH3BF3) as both a reducing agent and a source of boron and nitrogen to prepare a B/N-co-
doped 3D GA (BN-GA) used in all-solid-state supercapacitors (ASSSs). The nano and macroscale pores 
in the cross-linked GSs can be clearly seen in the SEM images of the BN-GA in Fig. 4. The calculated 
typical Brunauer–Emmett–Teller (BET) surface area reached 249 m2 g−1, as found by nitrogen 
adsorption–desorption analysis. An ASSS device assembled from a BN-GA displayed an increased 
specific capacitance (65 F g−1 ) and power density (1600 W kg−1 ) compared with non-doped devices. 
In 2012, the same group, Wu et al., decorated a N-doped 3D GA with Fe3O4 nanoparticles (NPs) for the 
ORR. The results showed the relatively more positive onset potential, higher current density and greater 
stability of the 3D N-doped GA compared with N-doped carbon black, both decorated with a uniform 
dispersion of Fe3O4 NPs, which revealed the significance of meso and macro pores in increasing the 
surface area of the graphene framework for applications in energy storage and conversion devices. 
Recently, Yu et al. have combined nano sized porous NaTi2(PO4)3 particles with a 3D graphene network 
(GN) via a self-assembly method. This unique 3D structure could improve the electron/ion transfer rate 
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and ensure the integrity of the electrode structure, resulting in superior electrochemical performance 
when used in sodium batteries. With a similar method, the same group also reported the synthesis of 
Sn-based particles embedded in a 3D GN for lithium ion batteries. In general, 3D graphene obtained 
via a self-assembly method is also called 3D rGO, because it is reduced from GO. It is vital to control 
the level of reduction of GO via selecting an appropriate reducing agent, reaction temperature and 
pressure, because this is critical for balancing the hydrophilic properties and conductivity of the as-
obtained 3D graphene. 
 
1.2.6.2.1 Template-directed methods 
In 2009, Ruoff et al. successfully fabricated a graphene film via a chemical vapor deposition (CVD) 
method utilizing copper foils (about 25 μm thick) as both surface substrate and catalyst at 1000 °C, with 
a mixture of methane and hydrogen as the carbon source. Then, GFs were first invented by Cheng et 
al., who chose nickel foam as the template, via a similar CVD method. The detailed procedure is 
illustrated in Fig. 6A. Specifically, carbon atoms were first obtained by the decomposition of CH4 and 
diffused onto the Ni skeleton at 1000 °C, followed by the etching of Ni using hot FeCl3 or HCl solution. 
Importantly, a layer of poly(methyl methacrylate) (PMMA) was needed for coating onto the surface of 
the graphene film before the etching step. Here, PMMA acted as a support to avoid the collapse of the 
graphene film during etching of the Ni skeleton. Finally, monolithic GFs were obtained after PMMA 
was dissolved in hot acetone. The as-prepared GFs suffered from thickness shrinkage of about 1.2 mm 
resulting from the liquid capillary force induced by the evaporation of acetone. The as-prepared GFs 
are flexible and display a superior electrical conductivity of about six times that of chemically derived 
graphene-based composites, which is mainly because their higher porosity of 99.7% offers a rapid 
transport channel for charge carriers. Furthermore, the flexible GFs possess an ultralow density of about 
5 mg cm−3 and an ultra-large specific surface area of about 850 m2 g−1. These excellent properties of 
GFs have stimulated numerous researchers to fabricate GFbased electrode materials for promising 
applications in energy storage and conversion devices, sensors and electro-catalysts. Cu foam and Cu–
Ni alloy foam have also been selected as templates other than Ni foam for synthesizing GFs. Ning et al. 
modified commercial Ni foam into porous Ni–Cu alloy foam with the pore sizes reduced from 200–500 
μm to 5–100 μm. Thus, the specific surface area and conductivity of the GFs were increased remarkably. 
3D graphene grown in situ based on Ni–Cu alloy foam exhibited remarkable discharge capacitance and 
stability when used as a supercapacitor electrode material. In addition to foam templates, colloidal 
spheres such as silica have also been employed to synthesize porous 3D graphene structures with a 
further reduction in the pore sizes to nanometers. Huang et al. assembled a hard template of silica 
spheres functionalized with methyl groups with GO sheets to generate porous 3D NGFs. The majority 
of the pore sizes were as small as 32.5 nm, which is similar to the size of the silica spheres. The specific 
surface area of the NGFs was about 851 m2 g−1. However, possibly owing to the aggregation of several 
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silica spheres, the larger-sized pores (100 nm) contributed more to the main pore volume, from an 
analysis of the N2 adsorption–desorption plot (Fig. 7e). Wu et al. also adopted a method for the 
assembly of a 3D macroporous GA (MGA), using silica produced from tetraethoxysilane (TEOS) to 
generate mesopores of a size of about 2–3.5 nm in the 3D MGA framework. This hard-template-directed 
approach offers a facile route for generating mesopores in carbon-based materials to increase the 
specific surface area. Compared with the self-assembly-directed method, the template-directed 
synthesis of 3D GFs is a little more complex when removing the template and requires a high 
temperature. However, it provides a greater choice of carbon sources in addition to GO. 
 
1.2 SERS 
 
1.2.1 Introduction 
Surface-enhanced Raman spectroscopy (SERS) was discovered in 1974 by three scientists 
(Fleischmann, Hendra, and McQuillan) at Southampton University. In their initial experiments, they 
discovered that the Raman spectrum of pyridine on a silver electrode showed an unusually strong 
Raman intensity [108]. Experimental investigation from multiple research groups showed that there are 
two underling mechanisms behind this Raman enhancement (chemical and the electromagnetic 
enhancement). Both mechanisms produce enhancement by causing a net change in the induced dipole 
moment. As stated previously in this chapter, the strength of the induced dipole moment for a Raman 
active molecule is given by , where is the molecular polarizabity and is the electric field strength. The 
first enhancement mechanism is electromagnetic enhancement and results from a change in the electric 
field strength . Electromagnetic enhancement is the dominant effect and occurs due to the enhancement 
of the electromagnetic field near the molecule of interest. This electromagnetic enhancement is caused 
by the interaction between the electromagnetic field and a nearby metallic substrate. The second form 
of enhancement is referred to as chemical enhancement and is a result of a change in polarizability 
induced by charge transfer and bond formation between the metallic substrate and the molecule of 
interest. 
 
1.2.2 Fundamental Aspects 
 
To understand these two mechanisms of SERS, it is important to first discuss the interaction of light 
with metallic surfaces. As incident light hits a metal surface, free electrons in the conduction band begin 
to oscillate. As the electrons oscillate the bulk electron charge is redistributed across the surface, and 
an electronic dipole is produced in the metallic lattice. This surface electron oscillation has discrete 
energy levels referred to as plasmons. When the incident light frequency matches the plasmon 
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oscillation frequency, a resonance state is achieved, referred to as surface plasmon resonance (SPR). At 
this resonance state, the magnitude of the surface plasmons is maximized and incoming light intensity 
is amplified and remitted. When the dimensions of the metallic structure are less than the wavelength 
of incident light, the SPR is highly dependent on the geometry, size, proximity, and composition of the 
nanostructures. When plasmon excitation occurs at the nanoscale, the electron density of the entire 
structure will oscillate. This overall surface electron oscillation is referred to as localized surface 
plasmon resonance (LSPR). LSPR results in an amplified electrical field near the particle surface and 
increased light scattering and absorption. 
 
1.2.3 Chemical contributions 
Current models explaining the experimentally observed signal enhancements in SERS are based on two 
contributions: the electromagnetic (EM) and the “chemical” enhancement (CE). The EM mechanism 
describes the enhanced local electromagnetic fields due to resonant excitation of plasma oscillations 
(plasmons) in the metallic nanostructure. This physical effect is by far the most dominant contribution, 
with standard SERS EFs in the wide range of 103–1010. Actually, the local field enhancements arising 
from the excitation of LSPRs do not require the presence of molecules at all; the latter are only necessary 
for the “frequency conversion” by means of Raman/inelastic light scattering. A direct interaction 
between the molecule and the underlying metal surface, however, is not covered at all by this effect. In 
contrast, the CE mechanism is related to the electronic properties of the adsorbate and acts by means of 
the increase in the electronic polarizability of the adsorbed molecule on the induced dipole mind ; CE 
enhancements, of the order of one to three orders of magnitude, are significantly smaller than the EM 
contribution. First, charge transfer (CT) between the molecule in its electronic ground state and the 
metal can change the polarizability of the molecule, resulting in a change of the Raman scattering cross-
section of the molecule. The same effect occurs in coordination chemistry when ligand molecules are 
bound to a metal center. Second, the energy levels of the adsorbate molecule usually differ from those 
of the molecule in its unbound or “free” state. For instance, let us assume that the laser excitation 
wavelength does not coincide with an electronic absorption band of the “free” molecule, but does 
coincide with one of the adsorbed molecule. The resonant excitation of electronic transitions in 
molecules is known as resonance Raman (RR) scattering. At the same time, new electronic excitation 
channels can arise through a photo induced CT mechanism, for example through CT from the metal to 
the adsorbed molecule. This is an integral component of the so-called CT resonance model, in which 
the transition energies depend on the energy separation between molecular and metallic energy levels. 
Electronic structure calculations on molecules at metal surfaces/clusters are therefore an extremely 
valuable approach for investigating the role of the above-mentioned contributions separately under 
controlled and a priori well- defined conditions. The interfacial structure of a molecule metal cluster 
and its optical properties can be modeled at the atomic scale by electronic structure calculations. Various 
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parameters can be investigated, including the bonding situation between the molecule and the metal 
nanostructure, the effect of surface roughness at the atomic scale, the effects of molecular and charge-
transfer resonances, the effects of the incident laser wavelength, and the wavelength of Stokes Raman 
scattering ; in other words : electronic structure modeling can be used to disentangle the role of the 
individual contributions under the controlled and well-defined conditions49-50 of a computer.  
1.3 Superhydrophobic  
1.3.1 Fundamentals of superhydrophobic surface 
Superhydrophobic surfaces are solid surfaces that are extremely difficult to wet; the contact angle (CA) 
of a water droplet on such a surface is larger than 150°, and roll-off angle/contact angle hysteresis is 
less than 10°. For an absolutely flat surface, wettability is determined by the surface free energy of the 
solid, which can be described by Young’s equation51 (Fig. 1a). 
     
	

	
   eq 6 
where γsv, γsl and γ1v are the surface free energies of solid–gas, solid–liquid and liquid–gas interfaces 
involved in the system, respectively. According to this equation, a solid material with a low surface 
energy is necessary to achieve a high CA. But this is not the only factor. For a real surface that is usually 
rough, topological roughness plays a crucial role in the wetting behavior of solid surfaces. To explain 
the relationship between surface roughness and wettability, two classical empirical models, the Wenzel 
regime and the Cassie–Baxter regime, have been extracted from various experimental data. In Wenzel’s 
model, it is assumed that liquid completely fills the grooves of the rough surface. In contrast, for 
Cassie’s case, the liquid is assumed to sit on top of the surface protrusions with air pockets trapped 
below. Therefore, a high CA may be achieved by increasing the surface roughness or introducing more 
buried air bubbles. The above theories have been successfully adopted to explain the underlying 
mechanism of the famous “lotus effect”. It has been found that both the hierarchical micro- 
nanostructures (randomly distributed micro papillae and fine branch-like nanostructures) and the 
epicuticle wax materials (low surface energy coating) are responsible for the self-cleaning property, in 
agreement with the above theories  
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Figure 6 : Schematic illustration of the wetting behavior of a water droplet on different solid substrates.(a) 
Young's model, (b) Wenzel's model, (c) Cassie's model51. 
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1.3.2 Superhydrophobic surface of graphene and graphene oxide 
Surface wettability of graphene sheets plays a vital role in determining their compatibility with the 
desired environment. So, a deep understanding of the wettability of graphene and its related materials 
is fundamentally important for the development of graphene-based devices. Recently, several 
experimental and simulation studies have been focused on the surface properties and wettability of 
graphene films. Based on density functional theory, Leenaerts et al. indicated that graphene is strongly 
hydrophobic. They concluded that the binding energies between water molecules are larger than the 
associated adsorption energies on the graphene surface, such that water molecules form clusters on the 
graphene sheet. Quantum molecular dynamics simulations afford fundamental insight into the wetting 
behavior of water nanodroplets on a free-standing single-layer graphene sheet, and also allow incor- 
poration of the polarization interaction, main-body effect and hydrogen-bond interactions into the 
prediction of wettability. The simulation results show that the graphene sheet has a CA of 87°53.  
Compared with the theoretical results, graphene grown by CVD gives a CA of 89.4°54. Besides, Shin et 
al.55 reported that epitaxial graphene has a static contact angle (CA) of 92° and is slightly hydrophobic 
regardless of its thickness, close to that of highly ordered pyrolytic graphite (91°), while graphene 
reduced by hydrazine has a CA of 127° and a small interfacial energy with water. Proved both 
theoretically and experimentally, graphene has a natural hydrophobicity, which is essential knowledge 
for understanding the wetting behavior of water on the surface of such a material. In addition to pristine 
graphene, another important graphene related material that has been widely used for the fabrication of 
graphene-based devices is GO. GO is prepared by chemical exfoliation of natural graphite, and could 
be considered as a derivative of graphene with oxygen functional groups on its basal planes and edges. 
Due to the presence of OCGs, GO could be well dispersed in polar solvents such as water. Its ease of 
synthesis and solution processing capability make GO a promising precursor for the preparation of 
super- hydrophobic graphene surfaces. The wettability of the GO film is influenced by the OCG content 
on the surface. With various levels of oxidization, GO films exhibit different wetting properties. For 
instance, a GO film has a CA 67.4° compared to that of 30.7. Invariably, GO shows hydrophilicity 
owing to the chemical nature of the groups, such as carboxyl, hydroxyl and epoxy. To further increase 
its hydrophobicity, proper reduction treatments would be implemented. Drastic or partial removal of 
the hydrophilic OCGs would lower its surface energy, giving rise to much higher water CAs of the 
reduced GO (rGO).  
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Figure 7. (a) Surface modification of GP with POSS, photographs of the original GO in water and the 
synthesized POSS_graphene in CHCl3. (b) SEM image of the POSS-grafted GO film, the inset shows a 
water droplet with CA ~ 111.2º. (c) SEM image of rough POSS-graphene film prepared from POSS-
graphene with a corresponding water CA of 157º54.  
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CHAPTER 2 : THREE-DIMENSIONAL GRAPHENE NANO-NETWORKS WITH HIGH QUALITY AND 
MASS PRODUCTION CAPABILITY VIA PRECURSOR-ASSISTED CVD 
2.1 Introduction  
Three-dimensional (3D) bi-continuous structures with controlled symmetry and periodicity have 
found use in many applications in photonic crystals, phononic crystals and MEMS.1, 2 In addition, the 
large surface area and the availability of 3-dimensional responses to external stimuli provide further 
potential for using 3D structures in diverse areas of energy-related materials and tissue engineering.3, 4  
 Graphene is a one-atom-thick planar sheet that is densely packed with sp2-bonded carbon atoms in 
a honeycomb crystal lattice with high optical transmittance, excellent electrical conductivity, high 
flexibility and mechanical stability, large theoretical specific surface area, and unique transport 
properties.5-8 Graphene grown on metal film by CVD via carbon dissolution and a segregation 
mechanism on a metal catalyst surface has superior conductivity because it has fewer defects and a 
relatively large domain size.9-14 Potential problems in CVD growth on a metal film are that the formation 
of single-crystalline graphene is limited to the 2D plane and production is limited to small quantities. 
The availability of more sophisticated 3D graphene nanonetworks (3D-GN) on a bulk scale would 
enable important advances in energy-related materials, heat sinks, and cell culture plates by taking 
advantage of large surface areas, outstanding high electrical/thermal conductivity, and three 
dimensional environments. For example, it has recently been reported that 3D graphene networks grown 
on a 3D nickel frame have excellent mechanical strength, supercapacitance, and thermal transport 
properties due to the nature of the 3D structures.6, 15, 16 However, the dimensions of the structures 
fabricated by this approach are confined by the dimensions of the available nickel frame and are 
restricted to a scale of a few hundred micrometers, which might in turn hamper a variety of potential 
applications for the 3D graphene. Alternatively, a 3D graphene-frame on a micron scale has been 
fabricated by vacuum filtration of chemically modified graphene, although performance was rather low 
due to the use of reduced graphene oxide.17, 18 Exploring ways to synthesize graphene that allow for 
dimensional tunability down to the nanometer scale without loss of its original characteristics could 
play an important role in both fundamental study and the realization of future graphene applications. 
So far copper and nickel have been commonly used as metal catalysts for CVD growth of graphene 
with well-established methods, and minor progress has been recently achieved in growing multilayer 
graphene film on iron-based catalysts, which have been widely used for growing carbon nanotubes.19-
21 Utilizing iron as a catalyst will also broaden the applicability of graphene and be an attractive avenue 
of research, since iron is the fourth most common element in the earth’s crust and it is nontoxic, 
inexpensive, and easy to remove. 
Supercapacitors are attractive as alternative energy storage devices to batteries and fuel cells due to 
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their fast charging and discharging rates at high power densities, long life cycle, simple principle, and 
low maintenance cost.22-25 Among two different classes of supercapacitors classified by their energy 
storage mechanism, electrochemical double-layer capacitors (EDLCs) and pseudocapacitors (PCs), 
EDLCs use the adsorption/desorption of ions forming an electrical double-layer at the interface between 
an electrode and an electrolyte for storing charge. It is critical to guarantee effective surface area and 
surface properties of the electrode. In addition to high specific surface area, several other parameters, 
such as good electric conductivity, appropriate pore size and distribution, and electrochemical, thermal, 
and mechanical stability, are equally important to supercapacitor performance. In light of these 
requirements, porous carbon materials have been suggested as promising materials for EDLCs.26, 27 
However, most porous carbon-based materials with high specific surface area suffer from rather low 
conductivity, which restricts their application in high performance supercapacitors. On the other hand, 
graphene provides an ideal alternative to existing EDLC materials, since it has very high electrical 
conductivity and excellent chemical and mechanical stability and extremely large surface area. However, 
its theoretical value of parameters such as conductivity (10-6 Ω/□) and surface area (2630 m2/g) still 
need to be realized, at least to some extent.28, 29 
Here, for the first time, we report a bi-continuous 3D-GN grown via a substrate-free CVD technique 
using solution processed iron precursors, which potentially allow for any arbitrary shape of graphene 
with dimensional scalability and mass-production capability. Graphene is grown on a 3D assembly of 
colloidal silica infiltrated with a PVA/iron precursor solution. Annealing PVA/FeCl3 in a hydrogen 
environment reduces the iron, which can serve as a catalyst for the dissolution of carbon during the 
subsequent graphene growth process. A 3D-GN has a substantially improved geometrical surface area 
of 1,025 m2/g and a resistance of 52 S/cm, which greatly exceeds the values of traditional 3D graphene 
structures, e.g., graphite with 0.6 m2/g and tens of kΩ/□, respectively.30-33 Moreover, as a result of 
employing solution-prepared metal precursors, high-quality 3D graphene can be grown on any inert 
substrate, such as Al2O3, quartz or GaN, etc., enabling the production of ready-to-use graphene for use 
in the semiconductor industry. As a proof of concept, we have demonstrated that 3D-GN-based EDLC 
exhibits an excellent specific capacitance of 325 F/g and 90% retention after 1000 cycles. The superior 
performance of a 3D-GN as an electrode for supercapacitors is attributed to the realization of the 
effective synergies of the great conductivity and large surface area of graphene in the form of a 3-
dimensional network with proper pore sizes. Artificially created 3D-GNs with controlled shape and 
spacing offer excellent potential for application in areas where the advantages of both graphene and 
nanoscale 3D structures are needed, such as 3D electrodes, energy conversion/storage devices, and 
thermal management systems. 
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2.2 experimental methods 
 2.2.1 Preparation of CS/PVA-FeCl3•6H2O composite thin film 
 
 
Poly vinyl alcohol (PVA, Mw = 31,000-50,000) and FeCl3·6H2O were obtained from Aldrich Chemical 
Company and used without any further purification. PVA (10 wt%) was dissolved in DI-water at 90 oC 
and then mixed with percents of 100, 200, 350, and 600 phr (phr: part per hundred parts of resin) by 
weight of FeCl3·6H2O. PVA/FeCl3 composite thin films were prepared by self-assembly of CS, as 
reported elsewhere. Any impurities in the solution were filtered through a 0.2 m cellulose acetate 
syringe filter and the filtrated solution was spin-coated on a 300 nm SiO2/Si substrate. The prepared 
composite thin films were dried in a vacuum oven for one day. 3D-GN was p-doped by dipping in 20 
mol % of HNO3 solution for 30 min followed by washing in D.I. water in order to enhance the 
conductivity for supercapacitance measurements. 
 
2.2.2 Fabrication of the 3D-GN 
 
The prepared composite films were placed in a quartz tube (Scientech Co.) with an outer diameter of 
120 mm, heated to 1,000 oC in a H2 (100 sccm)/Ar atmosphere at 4 torr with a heating rate of ~20 
oC/min, and then placed in isothermal conditions for 30 min. After annealing, the samples were cooled 
to an ambient temperature. The 3D-GN/Fe sample on a 300 nm SiO2/Si substrate was then immersed 
on BOE consisting of HF (5%) and HCl (3%) for 48 hrs to remove the SiO2 substrate and iron 
simultaneously.  
 
2.2.3 Characterization of 3D-GN 
 
The structures of the samples were characterized by SEM (Nova Nano-SEM 230, 10 kV), TEM (JEM-
2100, 200 kV) and Raman spectroscopy (WITec, alpha300R, excited by a 532nm laser). X-ray 
diffraction measurements were carried out with a Rigaku Co. High Power X-Ray Diffractometer 
D/MAZX 2500V/PC from 20o to 80o. Surface area determination was performed by Brunauer-Emmett-
Teller (BET) methods using an ASAP 2000 surface area analyzer (Micrometerics Instrument Corp.). 
The conductivity of 3D-GNs (both film and powder type) were characterized by 4 point-probe (Dasol 
Eng, FPP-RS8, pin-spacing 1 mm, pin-radius 100 um). To measure conductivity of powder type 3D-
GN, the pellet with a diameter of 13 mm and thickness of 50 m was prepared by mechanical milling 
and subsequent pressurizing (1000 kg/cm2) of the 3D-GN. The resistances between film type and 
powder type did not show noticeable difference. 
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2.2.4 Electrochemical measurement 
 
The electrochemical properties of supercapacitor electrodes were measured in three-electrode systems 
by cyclic voltammetry using a computer controlled electrochemical interface (Solartron SI 1287) from 
0 to 1 V at room temperature. 3D-GNs, a platinum mesh, Ag/AgCl, and 1M LiClO4 in ACN were used 
as the working electrode, counter electrode, reference electrode, and electrolyte, respectively. To 
examine the electrochemical properties, the 0.2 mg of electro-active material (3D-GN) was mixed with 
acetylene black (10%), and polyvinylidenedifluoride (PVDF, 10wt.%) as a binder, and then the mixture 
was pasted onto a Ni electrode (0.28 cm2) and dried at 150 oC for 20 min in an air atmosphere. The 
cyclic voltammetry was carried out at different scan rates ranging from 5 mV/s to 100 mV/s. 
Electrochemical impedance spectroscopy (EIS) was carried out at a frequency range from 100 kHz to 
0.1 Hz using a potentiostat (Versa STAT 3, AMETEK). The control sample for EIS measurement was 
fabricated with 95 % of ethylene carbon and 5 % of PVDF. 
 
2.3 Results and discussion 
 
Figure 8 shows the four steps of the fabrication process for the 3D-GN. First, surface-activated 
colloidal silica (d = 30 nm, 150 nm, and 220 nm) obtained by treatment with H2SO4 were self-assembled 
using Colvin’s method34 into near single crystalline opals with a face-centered cubic (FCC) structure on 
a 300 nm thick SiO2/Si substrate with a thickness of 3 um. Then a solution of PVA-FeCl3 was infiltrated 
into the 3D-assembly of silica colloids. We chose iron chloride hexahydrate (FeCl3·6H2O) and water-
soluble polyvinyl alcohol (PVA) as a precursor of the Fe catalyst and a solid carbon source for graphene 
growth, respectively. PVA was chosen because it can easily form a homogeneous dispersion with the 
iron precursor (FeCl3, in this case) due to the electrostatic interaction between the hydroxyl groups of 
PVA and iron ions in the FeCl3 solution.35, 36 In the third step, the composite film of 3D PVA-FeCl3/CS 
on the SiO2/Si substrate was heated to 1,000 oC in a quartz tube. Annealing the 3D PVA-FeCl3/CS 
composite in a hydrogen environment at high temperature reduced the iron ions (III) into iron (0) and 
subsequent growth of graphene using PVA as a carbon source on the surface of the iron metal. This 
process is supported by a recent report demonstrating CVD graphene growth on an iron film substrate.21 
In the final step, iron was removed with the HF/HCl solution leaving near single-layer 3D-GN structures 
on the SiO2/Si substrate. Figure 9 shows the morphological characteristics of a representative 3D-GN 
obtained by CVD growth followed by removing the iron and the assembly of 220 nm silica particles. 
Figure 9a is a scanning electron microscope (SEM) image of a 3D assembly of PVA-FeCl3/CS with a 
thickness of 3 um. Figure 9b is a SEM image of a low-density 3D-GN created from graphene growth 
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and subsequent removal of iron/CS. The optimum ratio of PVA to FeCl3 was determined by careful 
control of the pressure and flow rate of the gas during the CVD process. The thickness of the 3D-GN 
generated from the removal of the CS template was reduced to approximately 80% of the original 
thickness due to the loss of carbon materials and a slight collapse of the 3D-GN near the substrate 
caused by the surface tension of aqueous solvent during the drying process. However, once the nanopore 
structures formed, they were rigid and stable enough to be used for further applications as expected 
from the high modulus (1,100 GPa) of graphene reported elsewhere.6, 28 Figures 9c and 9d are a TEM 
image of the 3D-GN near the edges clearly showing a nano-cavity of the 3D-GN and a close-up image 
of a single unit cell of the 3D-GN with a diameter of 220 nm, respectively. Additionally, we occasionally 
observed another set of nanopores with diameters of ~ 40 nm on the surface of a single graphene ball. 
This is likely attributable to the removal of iron nano domains formed due to the agglomeration of iron 
during the annealing process. Figure 9e is a selected area diffraction image of a single unit cell of 
graphene, revealing the (nearly) single crystalline nature of graphene. Besides the formation of the 
network in the film, a bulk scale of the 3D-GN fabricated by the drop-casting of solution followed by 
CVD also yielded a comparable quality of graphene (Raman, resistance, etc.).  
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Figure 8 : Schematic illustration of the fabrication process for a 3D-GN. I) Self-assembly of CS on 
SiO2/Si substrate. II) Infiltration of PVA-FeCl3 into 3D assembly of CS. III) Graphene growth by 
CVD on 3D PVA-FeCl3/CS assembly. VI) Iron/CS etching, leaving the 3D-GN 
. 
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Figure 9. Morphological characterizations of 3D-GN. (a) SEM image of 3D PVA-FeCl3/CS (220 
nm). (b) SEM image of 3D-GN created from graphene growth followed by removal of iron. (c) 
TEM image of 3D-GN taken near the edges. (d) Close-up image of a single graphene ball. (e) The 
selected area electron diffraction (SAED) pattern showing the single crystalline nature of the 
graphene ball in the image of (d).  
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Figure 10 : X-ray diffraction (XRD) and X-ray photoelectron (XPS) spectra before (all in red) and after 
(all in black) annealing of PVA-FeCl3/SC (220nm) film at a FeCl3 concentration of 350 phr. a) The XRD 
of pristine iron chloride hexahydrate (FeCl3•6H2O) is shown in red and that of an annealed film of PVA-
FeCl3/CS composite (3D-GN containing iron) is in black. b-d) XPS spectra of Fe, Cl, and C in the film. 
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X-ray diffraction (XRD) measurements were made to confirm the reduction of Fe (III) to Fe (0). Figure 
10 (a) shows the XRD data of the PVA-FeCl3/SC(220 nm) film at a FeCl3 concentration of 350 phr 
before and immediately after annealing in a H2 gas environment. Compared to the data taken from the 
pristine PVA-FeCl3 film showing many broad and undefined peaks in red, two sharp peaks 
corresponding to the (200) and (110) planes of Fe (0) and another strong and sharp peak indexed to the 
(002) plane of graphene are evolved for the annealed sample in black (3D-GN containing iron)37. These 
peaks confirm that the iron ions are completely reduced to the nearly single crystalline iron metal with 
the preferred growth direction in the (110) plane, which shows the capability of successfully creating 
single crystalline graphene which appears at 2θ = 26 o. 
The transformation of FeCl3 to iron metal followed by graphene growth can be further confirmed by 
analyzing the X-ray photoelectron spectroscopy (XPS) spectra of iron, chlorine, and carbon in the same 
samples as the ones for XRD. Figures 10(b-d) show the XPS spectra of Fe2p, Cl2p, and C1s in pristine 
PVA/FeCl3 (all in red) and converted 3D-GN/Fe (all in black) after the CVD growth procedure. Major 
differences between the iron ion species and metallic iron can be seen in the Fe2p region at around 700-
730 eV, as shown Figure 10b. The Fe2p peak from the pristine PVA/FeCl3 sample is deconvoluted into 
two major peaks, at 711.5 eV and 724.54 eV, corresponding to the binding energy of Fe3+ in FeCl3 and 
Fe2O3, respectively, which suggests the coexistence of FeCl3 and oxidized Fe2O3.38, 39 On the other hand, 
a peak at around 704 eV, corresponding to the binding energy of metal ions, appears for the annealed 
samples, clearly indicating the reduction of iron ions. The peak between binding energies of 195 eV and 
204 eV in the XPS spectra (in Figure 10c) reveals the presence of chlorine in the samples. The two 
broad peaks in red at binding energies of 198.8 eV and 199.95 eV, corresponding to 2p3/2 and 2p1/2 
electrons of chlorine ions (Cl−), respectively, in the pristine sample and the disappearance of the chlorine 
ion peak in the 3D-GN/Fe sample suggest that the chlorine is completely evaporated under the high 
temperature growth conditions of the 3D-GN. Finally, compared to the broad and significantly low C1s 
peak in the pristine samples in Figure 3d, the intense, sharp peak in the 3D-GN/Fe, centered at 284.18 
eV, which originated from the C-C or C=C bond, indicates the conversion of amorphous carbon into 
high quality graphene. A full width at half maximum (FWHM) of 0.82 was obtained for the 3D-GN; 
this is comparable to the FWHM of a high quality single layer of graphene.40, 41 
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Figure 11 : Raman spectra of 3D-GNs grown by CVD. a) Raman spectra with various composition ratios 
(phr: parts per hundred parts of resin) of PVA-FeCl3 by templaing 220 nm of SC. The Raman spectrum 
of pristine PVA after annealing at 1000 ºC in a H2 environment is presented in black. b) Raman spectra of 
3D-GNs grown on various substrates by templating PVA-FeCl3 solution at a FeCl3 concentration of 350 
phr 220 nm of SC. There is basically no restriction on the choice of substrate as long as it is stable and inert 
at high temperature. 
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Figure 11 shows the Raman spectra of 3D-GNs synthesized by the diffusion and precipitation of carbon 
on the surface of 3D iron networks with various composition ratios of PVA to iron precursors. On the 
basis of previous reports that describe the growth of graphene on iron, one significant issue to be 
considered is that the relatively high solubility of carbon in iron could lead to the formation of multi-
layer graphene with some defective areas.21 We found that the initial amount of iron and carbon greatly 
affected the quality of graphene and the structural formation of the 3D-GN, since both elements are 
nearly used up during the growth process. Optimum growth conditions of graphene on PVA-FeCl3/3D-
CS were determined by careful control of the pressure and the flow rate of the gas at 1000 oC in all the 
experiments during CVD until we acquired the best Raman peak. The typical Raman spectrum of the 
3D-GN at various iron to PVA ratios characterized at more than 20 random locations are compared with 
that of pristine FeCl3/PVA with broad, strong D and G peaks as shown in the bottom of Figure 11(a). 
The creation of graphene in the 3D-GN can be verified by the decrease in the intensity of the D band 
and the evolution of sharp G and 2D bands at the higher frequency region. The intensity of the G band 
steadily increased as the amount of FeCl3 increased (from bottom to top) implying the formation of a 
planar configuration of sp2 bonds. The dramatic increase in intensity of the 2D band of the 3D-GN at 
350 phr indicates high-quality of single-layer graphene. The negligible D peak around 1350 cm-1 for 
the 350 phr sample suggests that the 3D-GN at 350 phr has few defects or symmetry-broken sites. The 
maximum ratio of I2D/IG and the minimum ratio of ID/IG optimized at 350 phr are 3.27 and 0.18, 
respectively. Therefore, the Raman spectra indicate that amorphous parts of carbonized-C are nearly 
used up and transformed into near single-layer 3D graphene networks when the ratio of PVA to iron 
was set at around 1:3.5. Surprisingly, the average sheet resistance of the 3D-GN obtained from more 
than 20 samples was 52 S/cm, which is close to the highest recorded value to date for a single layer of 
graphene. Moreover, the average sheet resistance of the 3D-GN before the removal of iron was ~50 
Ω/□, implying potential for the direct use of 3D-GN/iron as a porous 3D electrode. More importantly, 
one of the significant advantages of the proposed method is that it allows for mass-production. Since 
the iron precursor can be homogenously dispersed with the carbon source to form the graphene frame, 
there is essentially no limit to the scale of production for this type of substrate-free CVD. For example, 
we could obtain 2 g of 3D-GN per batch of CVD, which is comparable to 2050 m2 of planar 2D graphene 
based on the surface area of our 3D-GN. Due to such large scale production, BET measurement is 
readily available. The surface area of the 3D-GN obtained by templating 220 nm uniform silica particles 
(in Figure 10) was measured to be 448 m2/g and the pore size of a 3D-GN range from approximately 
210-230 nm in diameter, with some much smaller mesopores with a mean diameter of 14 nm, as shown 
in Figure S8. The surface area of 448 m2/g is much greater than that of same size CS templates (13 
m2/g), which can be attributed to the presence of cavities as well as a few layers in graphene. We believe 
further improvement of the physical characteristics of 3D-GNs will be possible, i.e., much smaller pores 
by using a smaller size uniform silica template and better conductivity with more systematic control of 
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composition ratios as well as growth conditions. In fact, we were able to obtain a 3D-GN with a specific 
surface area of 1,025 m2/g and conductivity of 12 S/cm by templating silica particles with a dimension 
of 20-30 nm in diameter on a bulk scale. Even though they had lower uniformity in particle size and 
shape and somewhat aggregated morphology compared to the larger size particles, comparable quality 
of Raman peaks and other characteristics to those of the uniform larger size and well assembled 3D-
GNs were observed, as shown in the Supporting Information. Another very useful benefit of this 
technique compared to previously reported methods is that the graphene growth does not restrict the 
choice of substrate due to the use of metal precursor solutions, which essentially permits the 
dimensional scalability. Furthermore, this circumvents the need for a transfer process which can lead to 
the introduction of additional defects. Figures 12(b) shows the Raman spectra of a 3D-GN grown on 
any arbitrary substrate such as bare silicon, sapphire, GaN, or quartz. We used the same growth 
conditions here as employed for growth on a SiO2/Si substrate. The best Raman spectrum, with a more 
enhanced 2D band and a lower D band, was obtained from the 3D-GN grown on the sapphire substrate; 
this may be attributed to the close match of the sapphire (111) facet with the lattice of graphene, which 
provides an ideal surface for graphene epitaxy. 42, 43 The direct growth of a 3D-GN on any electronic 
device-compatible substrate will open up the possibility of producing ready-to-use graphene with 
minimum defects in the semiconductor industry.  
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Figure 12 : Electrochemical performance of 3D-GN-based supercapacitor. (a) Cyclic voltammogram curve 
at different scan rates. (b) Capacitance change at various scan rates. (c) Charging/discharging curve at 
different discharge current densities. (d) Nyquist impedance plot. The inset shows a zoomed-in image of 
the high frequency region. (e) Capacitance retention plot with cycle number. (f) Plot of recorded specific 
capacitances of EDLC electrodes acquired from various methods. 
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As a demonstration of the potential of 3D-GNs, the performance of the 3D-GN sample as an EDLC 
electrode was studied using cyclic voltammetry (CV) and galvanostatic charge/discharge measurements. 
Here we used a 3D-GN prepared with a specific surface area of 1,025 m2/g and conductivity of 12 S/cm 
fabricated on a bulk scale. The 3D-GN was p-doped by dipping it in a HNO3 solution to further enhance 
conductivity up to 99 Ω/□. Figure 5a shows the CV results of 3 cell electrodes assembled with 3D-GNs 
as the active material at various scan rates in a range of 0 V to 1.0 V vs Ag/AgCl. Generally, for a 
supercapactior that uses a carbon-based electrode, the CV curve shape and the specific capacitance can 
significantly degrade as the voltage scan rate increases, showing distortion of the rectangular shape. 
The CV curves of the 3D-GN supercapacitor at all scan rates except the one at the highest scan rate of 
100 mV/s were nearly rectangular, indicating that the 3D-GN is an ideal carbon electrode material with 
excellent capacitance behavior and low contact resistance. A slight deviation from an ideal double-layer 
capacitor at a scan rate of 100 mV/s could be related to the increased resistance. An outstanding specific 
capacitance of 325 F/g in a LiClO4 solution was obtained at a scan rate of 5 mV/s, calculated by equation 
(1). 44 
 
∫⋅Δ⋅⋅= IdVVmC ν2
1    eq 7 
 
The essentially greater specific capacitance of the 3D-GN relative to that of previously reported 
values for graphene electrode materials (101-282 F/g, as shown in Figure 12f) is attributable to the large 
accessible surface area achieved by proper-sized mesopores and 3-dimensionally interconnected 
conducting pathways of graphene. More specifically, compared to several previously reported 
supercapacitors with high specific surface area greater than 2000 m2/g, which show relatively low 
capacitance values due to the presence of predominant micro-pores less than 2 nm in diameter, our 3D-
GNs have a reasonably great specific surface area of pores with controlled sizes of about 10 nm in 
diameter which can be effectively and fully used for electrochemical reaction sites.45, 46 The specific 
capacitance per unit surface area was as high as 31.7 F/cm2, an outstanding value for double-layer 
capacitance. Importantly, the capacitance loss of graphene was less than 26 %, with a scan rate variation 
from 5 to 100 mV/s, as shown in Figure 12b. The galvanostatic charge/discharge method was applied 
to evaluate the capacitance performance of the 3D-GN. A well symmetric charge/discharge 
characteristic with a triangular shape distinctive for an ideal capacitor was observed even at a high 
current load of 20 A/g (Figure 12c). 
In order to obtain a comprehensive perspective on the capacitive response, an electrochemical 
impedance test was conducted. The Nyquist plot of the 3D-GN in Figure 12d exhibits a small semicircle 
at the high frequency region and a straight line in the medium frequency region. The small diameter of 
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the semicircle at the high frequency region represents the low charge transfer resistance at the interface 
between the electrode and electrolyte. The nearly vertical second partial semicircle at the medium 
frequency region indicates the low charge transfer resistance for the adsorption process, which is greatly 
affected by the surface morphology of the electrode. The low resistance at both the high and medium 
frequency regions can be due to improved conductivity in the 3-dimensionally interconnected graphene 
networks through the nano-channels with proper diameters. The 3D-GN based supercapacitor retains ~ 
90% of its performance even after 1000 cycles, suggesting great life-cycle stability of the 3D-GN based 
electrode materials for their practical use in electrochemical capacitors as shown in Figure 12e.  
2.4 Conclusions 
In conclusion, we developed an easy and direct method for fabricating 3D networks of near single-
layer graphene via the CVD technique from a PVA/iron precursor on a bulk scale. Our substrate-free 
CVD method adds the dimensional tunability to high quality graphene, by enabling the creation of 
nanonetworks. A 3D-GN can be grown on any inert substrate such as Al2O3, quartz, or SiO2/Si wafer, 
etc. and can be further transferred onto any arbitrary substrate for flexible devices, cell culture plates, 
etc. The ratio of I2D/IG (= 3.27) for the representative 3D-GN confirms the formation of a near single 
layer of graphene. A resistance of ~52 S/cm, high surface areas of 1,025 m2/g, and a great porosity of 
around 3.4 cm3/g were recorded for the 3D-GN. Electrochemical measurements indeed proved that the 
high surface area 3D-GN based electrode, which provides easy contact and transportation of both 
charges and the electrolyte through the 3D conducting pathways, exhibited excellent specific 
supercapacitance. The outstanding performance of 3D-GNs fabricated with this easy and inexpensive 
method suggests a straightforward route to achieve nano-textured 3D graphene with strong potential for 
use in electronic devices and heat-dissipation systems, as well as for energy-related materials. 
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CHAPTER 3 : EFFECT OF THE GRAPHENE TRANSFER METHOD ON GRAPHENE -ENHANCED RAMAN 
SPECTROSCOPY 
Adapted with permission from ref. Copyright 2015 Royal Society of Chemistry. 
 
3.1 Introduction  
Graphene has been broadly used for chemical and biological sensing because of its superior detection 
properties due to a high surface area, easy functionalization and stability in ambient environments. 
Graphene can be synthesized using epitaxial growth1, 2, mechanical exfoliation3, chemical methods4, 5 
and chemical vapor deposition (CVD)6, 7. Among them, the CVD technique is extensively used to 
produce thin graphene films since it provides a relatively friendly synthesis route and also produces 
high quality graphene. In general, graphene films obtained by CVD needs to be transferred to desired 
substrates for further applications. Several transfer methods such as polymer-assisted8 (PMMA, PDMS, 
thermal release tape), polymer-free9, electrochemical delamination10, 11 have been used to transfer the 
graphene films. Polymer-assisted transfer has been widely used due to its easy processing steps. Aside 
from surface-enhanced Raman scattering (SERS)12, 13,14 which is one of the most efficient detection 
tools utilizing metal substrate for a variety of common molecules, graphene-enhanced Raman 
spectroscopy (GERS)15, 16 is another efficient technique to increase the Raman scattering of adsorbed 
probe molecules adsorbed on graphene. The concept of GERS has been widely applied to graphene 
oxide5, 17, 18, hydrogen terminated graphene19, nano-mesh graphene20 and nitrogen-doped graphene21. It 
has been reported that GERS depends on various factors such as the number of graphene layers22, 23, the 
density of the probe molecules24, the space between graphene and the probe molecule, the Fermi level 
of graphene, which changes with doping25-27, an interference effect from the substrate, and molecular 
alignment28. Further, in GERS the contribution of the electromagnetic-enhanced plasmons is in the 
terahertz range, and Raman signals are solely due to the chemical mechanism (CM) which is closely 
related to the charge transfer between probe molecules and the graphene substrate. Here, we report the 
CM properties of graphene grown by CVD can be affected by the methods of transfer (i) PMMA-and 
(ii) TRT-assisted, by comparing their GERS of R6G probe molecules. To date there are, to the best of 
our knowledge, no comprehensive reports on the effect of the graphene transfer method on GERS 
properties. We found that PMMA-transferred graphene, which is more defective, produces high signal 
intensity in GERS due to the PMMA residues, which cause enhanced charge transfer. A detailed study 
on graphene (PMMA- and TRT-assisted) was done using XPS measurements, UV-Vis spectroscopy 
and time decay photoluminescence (PL). 
3.2 Experimental methods 
3.2.1. Graphene growth and transfer process 
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Graphene growth on copper foil (Alfa Aeasr, 99.9999%) was performed by chemical vapor deposition 
(CVD) at 1000 ºC. First 100sccm of H2 was passed over the foil while increasing the temperature to 
remove impurities on its surface. Then a continuous flow of 100sccm of CH4 gas was passed through 
the quartz tube for 5min, without turning off the H2, to grow the graphene. After growth, the temperature 
in the quartz tube rapidly decreased to room temperature. The graphene transfer processes were as 
follows. For PMMA-graphene, the graphene/Cu film was coated using a PMMA solution dissolved in 
toluene and then dried at 100 ºC in an ambient air for 10min. For the preparation of TRT-graphene, the 
tape was attached to the graphene/Cu film and pressure was then applied to remove air between the tape 
and sample. For both PMMA- and TRT-graphene, the Cu foil was removed from the sample by etching 
for 2hrs in an ammonium persulfate solution. After removing the Cu foil, both samples were floated for 
1hr on D.I. water to wash the etchant solution from the samples and dried using N2 gas. Finally the 
prepared sample was transferred onto the desired substrate. 
3.2.2 R6G dye adsorption on the graphene substrate 
 R6G as a probe molecule was dissolved in a DI water. The concentration of R6G in solution was 10-5 
M (mol L-1). The molecule was adsorbed by soaking the sample in the prepared solution for 1hr followed 
by washing three times to remove any residue.  
3.2.3 GERS measurement 
 To confirm the GERS effects of the prepared substrate, combined AFM-Raman microscopy (WITec) 
was used to check the signal enhancement of R6G dye. R6G was dissolved in DI water with a 
concentration of 1 mM to obtain a stock solution and then diluted to obtain the required concentration. 
The substrate was dipped into the dye solution where it remained for 60 min to stabilize deposition. 
After adsorption, the substrate was rinsed by DI water. For the Raman measurements, the power was 
adjusted to 0.2 mW and integration time was set to be 10 s. 
3.2 Results and discussions  
The graphene synthesis procedure is reported elsewhere. Briefly, the surface of a copper foil 
was acid cleaned and used as a substrate. Graphene growth by CVD was performed in a 2-inch 
quartz tube at 1000°C using CH4/H2 gases. The graphene was transferred onto a SiO2/Si 
substrate by the two methods, PMMA-assisted and TRT-assisted. These samples are denoted 
PMMA-graphene and TRT-graphene for the rest of this paper. Details of the sample preparation 
are discussed in the experimental section. Single-layer graphene was used to avoid any effect 
caused by multiple layers. Graphene growth conditions (temperature, growth time, pressure) 
were kept the same for both graphene. 
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Figure 13 : (a) The Raman of TRT-assisted graphene (red line), and PMMA-assisted graphene (black line), 
(b) GERS effects of TRT-assisted graphene (red), and PMMA-assisted graphene (black). 
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 G band(cm-1) 2D band(cm-1) 
PMMA-graphene 1587.03 2677.77 
TRT-graphene 1590.74 2683.33 
Table 2. The position of G and 2D band of PMMA and TRT-graphene 
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Figure 1a provides Raman spectra of both graphene. The defect-band (or D-band peak) at 1350 
cm-1 was present in both cases. The G band and 2D band position are 1587.03 cm-1, 2677.77 
cm-1 for the PMMA-graphene and 1590.74 cm-1, 2683.33 cm-1 for the TRT-graphene, implying 
hole-doping properties in both samples (G and 2D band positions are 1580 cm-1 and 2670 cm-
1 for pristine graphene). The positions of both the G and 2D bands are upshifted for hole-doped 
graphene, while electron-doped graphene has a downshift in the G band and an upshift in the 
2D band. Oxygen-containing groups such as epoxy, ether, or carboxyl on the graphene surface 
act as hole-acceptors which shift the Fermi level and cause an upshift of the G and 2D peaks, 
as shown in Figure 13(a). Residues from PMMA or TRT can change the pristine graphene to 
hole-doped graphene, because oxygen in the air easily combines with any residue29. It is known 
that chemical residues on the surface of transferred graphene are inevitable despite a number 
of efforts to remove any unintentional impurity on the surface30. Besides, the annealing process 
used to remove the polymer residue induces the attachment of oxygen molecules to the 
graphene and a rehybridization of carbon atoms from sp2 to sp3 bonds, as can be seen from UV 
absorbance results (Figure 14(a)). Notably, the G and 2D peak positions of TRT-graphene were 
slightly more upshifted than for PMMA-graphene. The degree of upshift in band positions tells 
us that TRT-graphene has more hole-doping properties than PMMA-graphene. In general, hole-
doped graphene has a higher GERS enhancement than electron-doped graphene because the 
Fermi level of graphene shifts below the Dirac point and charge transfer is enhanced because 
the down-shifted Fermi level makes the energy gap between the LUMO of the probe molecules 
and graphene closer to the energy of the laser used, giving a higher chance of electron 
excitation26. However, Figure 1b shows that all the GERS spectra peaks of the R6G probe on 
PMMA-graphene are higher than those on the more hole-doped TRT-graphene. In our 
experiments, the 532 nm laser power was kept at 0.2 mW, which produces neither local defects 
in graphene (which are caused by high laser power) nor the possibility of misinterpreting the 
GERS signal because the resonance Raman scattering of R6G lies in the visible wavelength 
range.  Besides, since the concentration of R6G is a major factor, in addition to the incident 
laser power used to characterize the samples, the R6G concentration was fixed at around 10µM 
which does not cause R6G to aggregate on the graphene surface. The comparative peak 
positions of PMMA-graphene and TRT-graphene are shown in table 2.  In Figure 13(b), the 
distinct Raman peak at 1650 cm-1, which is attributed to the aromatic mode in the R6G dye, is 
six times higher on PMMA-graphene than on TRT-graphene. This implies that the charge 
transfer between R6G molecules and PMMA-graphene is much easier than for TRT-graphene 
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which may be attributed to the simple arrangement of probe molecules on the PMMA-graphene 
surface31. This observation is in disagreement with the above argument on GERS intensity 
based on the hole-doping properties of graphene. While TRT-graphene has more hole-doping 
properties than PMMA-graphene, the GERS of TRT-graphene is lower. To address this 
discrepancy, we performed optical property measurements on both samples. Figure 14 (a) 
shows the UV-absorbance results of R6G molecules on graphene prepared by the two transfer 
methods, with all other preparation parameters the same. The characteristic absorbance peak at 
520 nm of the dye molecules on PMMA-graphene was much broader than for the TRT-
graphene due to band splitting, implying transitions at both higher and lower energy induced 
by the formation of aggregated dyes32. Furthermore, R6G/PMMA-graphene showed a higher 
contribution of C-C bonds at 265 nm than R6G/TRT-graphene, indicating that the π–π* 
interaction between PMMA-graphene and the probe molecules is stronger than for TRT-
graphene33. Figure 14(b) revealed another important difference in the Raman peaks. After 
adsorbing R6G dye on each graphene substrate, the Raman intensity was greatly reduced and 
the 2D position of both graphenes was upshifted compared to samples without the adsorbing 
dye. The 2D positions of PMMA- and TRT-graphenes were respectively upshifted by 15.74 
cm-1 and 4.9 cm-1 compared to samples before dye deposition, implying PMMA-graphene had 
more hole-doping properties after dye adsorption. It has been reported that intensity weakening 
and a position shift of the 2D peak of graphene occur as a result of doping because electron-
electron scattering becomes competitive with electron-phonon scattering34. Therefore, the 
more significant hole doping properties in PMMA-graphene after dye adsorption are likely due 
to the larger amount of dye24 having much greater π–π* interaction and this may explain the 
higher GERS enhancement of R6G dye on PMMA-graphene.  
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Figure 14. (a) UV-absorbance of Dye/TRT-graphene/quartz (red color) and Dye/PMMA-graphene/quartz 
(black color) (b) 2D peak of PMMA-assisted (black) and TRT-assisted graphene(red) before (dot) and after 
(line) dye absorption. 
  
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In order to further explore the effects of molecular arrangements on charge transfer, the functional 
groups on the graphene surface were characterized by x-ray photoelectron spectroscopy. The detailed 
XPS results of PMMA-and TRT-graphene in Figure 15, fitted using Casa XPS software, confirmed the 
presence of a large number of oxygen-containing groups such as C-O, COOH in both samples. In Figure 
15(a), C-C, C-O and COOH in PMMA-graphene appeared with percentages of 59.85 %, 27.90 % and 
12.25 %, respectively. Figure 15(b) denotes the XPS data of TRT-graphene with C-C, C-O and COOH 
percentages of 55.31 %, 38.40 % and 6.29 %, respectively. COOH groups on the surface of PMMA-
graphene are detected to have twice the concentration of those on TRT-graphene while the amount of 
epoxy/ether groups (C-O) is lower than for TRT-graphene. It can be inferred that either COOH or C-O 
on the surface of graphene affected the orientation of R6G and thus its π–π* interaction with the 
graphene surface35. It has been reported that Coulombic interactions between the negatively charged 
COOH groups in GO and the positively charged R6G dye molecule36, 37 allow firm binding between the 
substrate and the probe molecules38, 39. Furthermore, carboxyl groups, mainly located at the edges of 
the graphene surface do not interfere with the π-π* stacking of R6G dye molecules on the graphene 
surface. On the other hand, the epoxy/ether groups that reside on the planar surface of graphene tend to 
restrict π–π* interactions between the graphene surface and R6G. Consequently, the R6G molecules are 
preferentially positioned at C-C sites on the surface of a graphene that has a larger amount of COOH 
groups and fewer C-O groups. The arrangement of R6G molecules on the surface of PMMA-graphene 
leads to strong π-π* interactions in the region where epoxy/ether groups are absent. As a result, the 
density of R6G molecules on the surface of PMMA-graphene was higher than on TRT-graphene, 
leading to a higher UV-absorbance peak intensity (Figure 15a) and more hole-doping properties (Figure 
15b).  
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Figure 15 : XPS data of (a) PMMA-transferred graphene & (b) TRT- transferred graphene 
  
  
 64 
 
 
 
 
 
 
 
Figure 16 : Fluorescence decays of PMMA-assisted graphene (cyan), TRT-assisted graphene (blue), R6G 
on SiO2/Si substrate (black line). 
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In order to confirm the greater GERS on PMMA-graphene, we have conducted fluorescence decay 
measurements of the samples using a fluorescence lifetime (PL) spectrometer (Edinburgh Instruments 
(Model number: FL920)) as shown in Figure 16. The fluorescence decay time measurements give direct 
evidence of electron transfer between the dye and graphene. The fluorescence decay lifetimes of the 
samples were calculated using 


 


    eq 8 
Where   is the number of excited elements at time t ,  is the number of excited elements at time t = 0 , 
and  is lifetime. The fluorescence lifetimes of R6G on PMMA-graphene/quartz, TRT-graphene/quartz, 
and quartz were calculated to be 0.234, 0.534, 2.44 ns, respectively (Figure 14a).  R6G dye molecules 
on quartz showed the longest lifetime of 2.44 ns, which is slightly lower than the reported value of 3.8 
ns, implying a lower concentration of dye molecules in the solution-based measurement conditions than 
in the substrate-based measurement ones. The one order of magnitude lower fluorescence lifetime of 
R6G on both the TRT-and PMMA-substrates compared to R6G indicates fast charge transfer between 
the dye and the graphene films, which supports the reason for the larger Raman scattering signals of 
R6G observed on the surface of graphene than on the SiO2/Si substrate. Importantly, the PL lifetime for 
R6G/PMMA-graphene was half that for R6G/TRT-graphene, indicating the best charge transfer among 
the three samples. This is in good agreement with the 6 times greater GERS signal on PMMA-graphene 
than on TRT-graphene and bare quartz. 
3.3 Conclusion 
We report effects of the graphene transfer method on GERS is quite well explained by charge transfer 
properties between dye molecules and the graphene substrate. Our results shows PMMA-assisted 
graphene has high GERS enhancement up to 6 times than the TRT-assisted graphene. It is substantially 
attributed to the presence of strong π–π interaction and more carboxyl groups in PMMA-transferred 
graphene, which were proved by XPS results. Our results indicate the need for a much closer look of 
GERS enhancement in graphene dependent on functional groups and doping which are not the same for 
the different transfer methods. 
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CHAPTER 4 : LOTUS LEAF-INSPIRED CVD GROWN GRAPHENE FOR A WATER REPELLANT 
FLEXIBLE TRANSPARENT ELECTRODE 
Adapted with permission from ref. Copyright 2013 Royal Society of Chemistry. 
4.1 Introduction 
Graphene, two dimensional sheets of carbon atoms, has drawn a lot of attention due to its outstanding 
properties. In addition to the well-known superior properties of graphene such as high electrical/thermal 
conductivity, excellent mechanical strength, and optical transparency1-4, water repellency would be 
important in applications such as transparent electrodes in various non-wetting electronic devices as 
well as self-cleaning, anti-fogging, and anti-corrosive materials. In the past few years, researchers have 
sought to obtain hydrophobic graphene5-7 surfaces by utilizing low surface energy of graphene along 
with appropriate roughness. For example, a reduced graphene oxide paper has been shown to have 
artificial superhydrophobic properties with a contact angle of 150o, achieved by an appropriate chemical 
composition and its stacked geometric features8, 9. However, no studies involving CVD-grown 
graphene10-12 with lotus leaf-like superhydrophobic properties as well as appropriate conductivity have 
been reported to date. This is likely due to the difficulties in construction of complex dual-scale 
roughness with the chosen dimensions (micro/nanoscale) using 2D graphene sheets deposited on planar 
metal films. Furthermore, from recent research on the wettability of graphene13, a thin layer of graphene 
shows wetting transparency due to the atomic-scale thickness of graphene; this indicates that it would 
be difficult to alter the wettability of many hydrophilic semiconductor-compatible flat substrates, such 
as SiO2 or GaN, by covering these substrates with a few layers of graphene. At least 4-6 layers of 
graphene are required to lend a hydrophobic property to the flat surface of the underlying substrate. 
However, the intrinsic conductivity of the graphene is reduced with increasing thickness. As 
such, realizing a hydrophobic film with high conductivity for application to a transparent conducting 
electrode with a water repellant property presents a significant challenge. In fact, the experimentally 
obtained static contact angle (CA) of epitaxial graphene is only 92o, which is slightly hydrophobic; in 
contrast, an irregular stack of reduced graphene oxide achieved by surface roughness due to the 
micro/nanopores existing between the layers has a higher CA of 127o.14 Therefore, in order to realize 
superperhydrophobic devices based on graphene, it is crucial to couple more suitable surface roughness 
with low surface energy of graphene.  
Among many graphene synthesis approaches, CVD growth is a promising method for creating high 
quality and large scale graphene on a wide range of substrates. The CVD growth of graphene on Cu foil 
is particularly favored because it allows the creation of optimized graphene with controllable thickness 
and excellent conductivity. One possible issue related to CVD graphene growth on Cu foil in terms of 
surface roughness is that the morphology of single-crystalline graphene is limited to the 2D plane of 
the surface of flat Cu films. Finding ways to create graphene that allow for various shapes and 
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dimensional scalability while retaining its original conductivity in the form of 2D plane sheets could be 
important in the realization of future applications of graphene in non-wetting electronic devices where 
the device is protected from water contact. From this point of view, copper oxide can provide an 
adequate pathway for morphological change of a copper substrate via an oxidation state change from 
Cu (0) CuO (II), Cu2O (I).15-17 In addition, thermal reduction of metal oxides using hydrogen, which 
has a well understood mechanism,18 has been frequently used to fabricate active metal catalysts, 
allowing for further morphological change. We hypothesized that the controlled synthesis of a well-
defined metal oxide and metal structure can provide a route to the creation of tailored shapes of graphene 
via tunable shape of a copper catalyst. 
Here, we present, for the first time to the best of our knowledge, a straightforward and simple method 
to mimic the features of a lotus leaf on the surface of CVD grown graphene via an oxidation state change 
of a Cu substrate associated with a morphological change during a cycle of high temperature annealing 
and cooling. The controlled synthesis of well-defined CuO and thus systematically reduced Cu presents 
an ideal nucleation surface for graphene growth and defines the final shape of 3D graphene structures. 
Versatile morphology of 3D graphene from flower-like near the flat surface to nano-porous 3D frames 
can be realized according to the oxidation conditions of Cu and the reduction conditions of CuO coupled 
with the subsequent growth conditions of graphene. The 3D graphene nanostructure was confirmed to 
provide comparable performance to that of a 2D single layer graphene, thus offering excellent potential 
as a 3D transparent electrode. The sheet resistance of graphene on SiO2 was recorded as 400 Ω/, with 
an additional super-hydrophobic property based on a contact angle of 170o triggered by the lotus leaf-
like surface and low surface energy of graphene. As a proof of concept, we have fabricated a flexible 
water-repellent transparent electrode by transferring 3D graphene with a lotus leaf-inspired nano-
structure onto a hydrophobic PDMS substrate.  
4.2 Experimental methods 
4.2.1. Synthesis of CuO 
The Cu foil was cleaned in acetone and deionized water for 10 min using an ultrasonic generator and 
then thermal-treated at various temperatures. 
4.2.2. Chemical Vapor Deposition of Graphene on 3D Cu 
The samples were placed in quartz tube (Scientech Co.) and temperature in heat-zone was increased up 
to 1000 oC with H2 under the pressure of 0.90 torr. When temperature reached at 1000 oC, the heat-zone 
was moved to the sample. Then the temperature decreased to 740 oC and the temperature was increased 
up to 1000 oC. After reaching 1000 oC, the temperature at heat-zone was maintained for 30 min to 
reduce from CuO to Cu. Then, CH4 gas was flowed with 24 sccm for 25 min under the pressure of 1.0 
torr. Finally, the sample was rapidly cooled down to room temperature with flowing H2 and CH4 under 
the pressure of 1.0 torr. 
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4.2.3. Transfer of Graphene 
PDMS precursors were prepared using the SYLGARD 184 Silicone Elastomer kit. The SYLGARD 184 
Silicon Elastomer was mixed with Curing agent at 10 parts to 1 part ratio (10:1). The mixed sample was 
roll-mixed for 30 min. The graphene on Cu was molded by PDMS and air-bubbles in the sample were 
removed in a vacuum oven for 1 hr. Then PDMS/graphene/Cu was baked at 80 oC for 4 hrs in the oven. 
In succession, fully cured PDMS/Graphene/Cu sample were floated on aqueous solution of 1 M 
ammonium persulfate for 2 hrs to remove Cu foil. Lastly, the resulting samples were heat-treated at 80 
oC to recover the original hydrophobicity deteriorated by the immersion in harsh hydrophilic solutions.  
4.2.4. Characterizations 
The morphology of the samples was characterized by Field-Emission SEM (Nova Nano-SEM 230, 15 
kV). The quality of graphene was determined by Raman spectroscopy (WITec, alpha300R, excited by 
a 532nm laser). The sheet resistances of the samples transferred onto Si wafer were characterized by 4 
point-probe (Dasol Eng, FPP-RS8, pin-spacing 1 mm, pin-radius 100 m). The contact angle was 
measured by a Drop Shape Analysis System DSA100 (Kruss, Germany). The crystal structure of 
samples was confirmed with a Rigaku Co. High Power X-Ray Diffractometer D/MAZX 2500V/PC 
from 10o to 80o. Thermal treatment was implemented by a Lenton 1200 vacuum tube furnace. 
4.3 Results and discussion 
Figure 1a illustrates the simple two step fabrication process to realize 3D morphology on a Cu substrate. 
First, a commercially available copper foil that has been widely used for graphene synthesis is heated 
to 400 oC for 2hr under an air atmosphere. The annealing of the Cu foil in the air condition induces 
partly aggregated metal precursors on the surface of the Cu foil followed by an oxidization reaction of 
the Cu substrate, resulting in the formation of CuO nanowhiskers protruding from the copper surface. 
It has been reported that the diameter and height of the nanowhiskers can be controlled by the annealing 
conditions. Briefly, longer and greater diameter nanowires are obtained with increasing annealing 
temperature. Second, the CuO nanowhisker structure is again heated to 1000 oC under hydrogen 
conditions for 30 min followed by cooling back to room temperature, which leads to the creation of 
modified 3D networks (hierarchical structures) on Cu substrates with various morphologies. Figures 
1b-1d show SEM images of copper foil at each oxidation state and corresponding XRD results of the 
samples above. Commercial copper foils have a textured surface with a polycrystalline nature, as shown 
in Figure 1b. A directional texture with parallel lines with spacing ranging from a few to tens of 
micrometers and grain boundaries across the film surface is clearly seen in the SEM image. Generally, 
the surface of copper is further roughened(?) through the surface reconstruction process during high-
temperature annealing and growth. The SEM and XRD data of Cu foil after normal graphene growth 
are presented in the Supporting Information (Figure SX). Figure 1c shows the morphological change of 
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the flat copper foil into clearly distinguishable nanowhiskers due to the formation of oxidized copper 
crystals after heat treatment under an oxygen environment. The diameters and the lengths of vertically 
aligned nanowhiskers on the underlying Cu substrate are set to range from 20 to 50 nm and up to 10 
um, respectively, to define the final morphology of graphene. The inset shows a TEM image of an 
individual CuO nanowhisker and its SAED pattern indexed to the diffraction spots of monoclinic CuO. 
The XRD spectrum with one strong peak of Cu (0) at 50o and cubic CuO (II) monoclinic phase with a 
small amount of crystalline Cu2O further confirms the growth of CuO on the surface of Cu. It has been 
reported that among the three oxidation states (CuO, Cu4O3, and Cu2O), CuO and Cu2O are the more 
stable compounds. Here, we targeted CuO rather than Cu2O as a precursor of the Cu catalyst for 
graphene growth by controlling heating parameters since CuO is more easily reducible than Cu2O due 
to its lower activation energy for reduction (15 and 27 kcal/mol, respectively). Another reason for 
choosing CuO over Cu2O is that the melting point of CuO is greater than that of Cu2O (1446 oC and 
1235 oC, respectively), which permits a more sustainable shape during the process of reduction into Cu. 
A solid peak at 50o, which is the same position as the strongest peak of Cu, reveals the existence of 
unoxidized underlying Cu substrate. Figure 17(d) shows the SEM and XRD results of a representative 
reduced Cu sample taken immediately after annealing under a hydrogen condition (before the growth 
of graphene starts). Previous reports reveal that CuO and Cu2O can be reduced at temperature above 
200 by thermal processing in H2 conditions. Related studies illustrate that O vacancies created by 
embedding hydrogen into the lattice of the metal oxide are important in the metal oxide reduction 
mechanism. Our CuO NWs were reduced to metallic Cu at 1000 under a H2 gas in order to verify 
complete reduction of the CuO. As shown in Figure 1d, XRD confirms that the CuO is completely 
returned to Cu with a nearly single crystal nature. Importantly, during the high temperature annealing, 
copper oxide nanowhiskers undergo clear morphological changes through disturbance of their 
alignment. This leads to the collapse and coalescence of the neighbouring sharp tips, often resulting in 
double hierarchical bumps, and thus indicating the possibility of the creation of tailored shapes of 3D 
copper structures. 
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Figure 17. Schematic description, SEM images, and XRD patterns of Cu, CuO, and reduced Cu created by 
self-assembly process of the surface during the heating and cooling steps: a) Schematic diagram of the 
oxidation/reduction cycle for the fabrication of CuO and 3D Cu. b-d) SEM images and corresponding XRD 
patterns below each SEM image of commerical copper foil (b), CuO nanowhiskers grown on a copper 
substrate under an oxygen enviroment (c), and reduced Cu upon diffusion of H2 at 1000 ºC (d). 
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Nanostructures with a variety of shapes have potential applications in electronics and optoelectronics, 
since the morphology and the dimensions of structures are often directly related to the fundamental 
properties of the materials. For example, a rose-like 2D ZnO nanosheet has been developed to enhance 
the power conversion efficiency in dye-sensitized solar cells19, 20, whereas flower-shaped 3D MoS2 
nanostructures21, 22 exhibit excellent field emission properties due to the presence of open band edges 
in nanopetals. Therefore, preparation of multi-dimensionally ordered nanostructures with a variety of 
shapes is desirable in future material fabrication. We demonstrate here that various morphologies of 3D 
graphene structures having outstanding physicochemical properties can be generated simply by varying 
parameters for the oxidation of Cu and reduction of CuO. Figure 18 shows SEM images of graphene 
structures with various shapes grown by different processing conditions and the Raman spectrum taken 
from a representative CVD graphene sample on reduced Cu grown at 1000 and under CH4/Ar gas. 
The growth of graphene initiated on the CuO 3D nano-frame starts immediately after the growth 
temperature of 1000 was reached and CH4 was introduced into the chemical vapor deposition 
chamber. It is known that the graphene is nanostructured following the surface morphology of the 
underlying copper during the growth process. As a result, the CVD-grown graphene on the Cu frame 
has a distinctive 3D nature of the lateral dimension on the order of tens of micrometers, as shown in 
Figures 18(a)-18(c). The detailed conditions for the fabrication of 3D graphene structures with different 
morphologies, indicating shape tunability via our approach, are summarized. Briefly, experiments have 
shown that with a flatter surface of Cu, an accordingly smoother surface of graphene film can be 
obtained as the reduction temperature or duration of thermal processing time in an H2 environment 
increases. This is because high temperature reduction of CuO causes significant collapse and 
coalescence of the newly formed neighboring sharp tips of Cu due to the much-lowered melting 
temperature of the nanoscale structure. Based on this finding, we could successfully tune the 
morphologies of 3D graphene from a nano-porous graphene structure (Figures 18(a) and 18(b)) to a 
flower-shaped large domain graphene film (Figure 18(c)) by simply changing the duration and the 
temperature for the reduction. Additionally, we observed that an oxidation process of CuO by dipping 
the Cu film in NaOH and (NH4)2SO5 solutions for an hour before the thermal oxidation step promotes 
the realization of a surface with greatly enhanced and roughened morphologies. The Cu substrate is 
preoxidized by strong basic solutions in this process, thus facilitating a more twisted and porous surface 
in CuO nanostructures. For example, Figure 18(a) is a high resolution SEM image of graphene grown 
on a reduced Cu surface obtained from double oxidized CuO (solution + heat treatments). In contrast, 
Figure 18(b) shows the morphology of graphene surface with slightly decreased roughness, grown on 
Cu reduced from CuO created by a simple oxidation process (without peroxidation process) and treated 
under more severe reduction conditions. The morphology of Cu created by simple oxidation followed 
by thermal reduction for 30 min is typically a rose-like nanostructure with a substantially reduced 
morphology along the Cu surface, as shown in Figure 18(c). Figure 18(d) shows the Raman spectrum 
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of 3D graphene (sample 18(c)) grown on a 3D copper frame, confirmed from more than 10 different 
areas. The very small D band at 1350 cm-1 indicates the absence of a significant number of defects of 
graphene at the edges despite the generation of many empty spaces in the 3D nanoframe. The G band 
at 1580 cm-1 due to the doubly degenerate optical phonons of E2g symmetry and the very strong 2D band 
at 2700 cm-1 confirms the high quality of constructed 3D graphene. The full-width-at-half-maximum 
(FWHM) is around 77 cm-1. The low value of ID/IG, which is comparable to that of 2D graphene grown 
on commercial flat Cu (0.56), in particular implies reasonable quality of 3D graphene grown on the 
CuO nanoframe. In order to exploit the potential of 3D morphologies of graphene as a transparent 
electrode, we performed contact angel measurements. Figure 19 shows SEM images of a lotus leaf and 
lotus leaf-inspired graphene structure, and optical images of a water droplet on the surface of various 
substrates: three types of hydrophilic Cu substrates and three types of hydrophobic PDMS substrates. 
As shown in Figure 19(a), a lotus leaf is constructed with 10-20 um height and 10-15 um width papillaes, 
which are further textured by nanometer scale wrinkles.23 The unusual superhydrophobicity and self-
cleaning property of the lotus leaf is attributed to hierarchical micro-/nanostructures on the wax-coated 
low surface energy substrate. Therefore, we aimed at fabricating a dual scale (micro- and nano-) 
structure of graphene with a similar range of length-scales to those of the lotus leaf by controlling the 
oxidation and reduction conditions. Lotus leaf-like graphene is obtained when the processing conditions 
are intermediate between those for the samples in Figures 18(a) and 18(b). Figure 19(b) shows a SEM 
image of graphene with distinctive 3D nature of hierarchical bumps fabricated with conditions of 30 
min oxidation at 500 oC under an air environment, reduction for 10 min, and 10 min duration at 850 oC 
by flowing 100/24 sccm of H2/CH4 gas under pressure of 4.0 torr. Figures 19 (c-e) show images of 
water droplets on three hydrophilic substrates: pristine Cu film (c), graphene/pristine Cu film (d), and 
as-prepared louts leaf-inspired graphene/Cu film (e). We confirm that the graphene films in both the 
19(d) and (e) samples are single layer by Raman Spectra. Interestingly, despite the coverage of 
hydrophobic graphene film, the contact angle of the graphene/Cu film (d) does not show a noticeable 
increase relative to that of the pristine Cu film (c). This is because the atomic-scale thickness of the 
graphene film is not sufficiently able to amend the wettability of the Cu substrate, consistent with a 
previous report. However, compared to the contact angle of 79o of flat graphene on the pristine Cu film 
(d), the contact angle of the as-prepared lotus leaf-like graphene on the hydrophilic Cu substrate 
increases up to 110o(e). Considering that the wettability of the surface is governed by two major factors, 
the roughness and low surface energy, along with the wetting transparency of our single layer graphene 
film, the excellent enhancement of the contact angle of the lotus leak-like graphene film on the 
hydrophilic Cu substrate is solely attributed to the 3D nature of the film. Figures 3f-3h compare the 
wettability of three different hydrophobic substrates. 
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Figure 18. SEM images of graphene grown by different oxidation and reduction parameters and Raman 
spectrum of graphene transferred on Si: Graphene grown by (a) 1hr annealing and 10 min growth at 850 
oC on a double oxidized CuO substrate. (b) 1.5 hr annealing and 10 min growth at 900 oC on a normal 
CuO nanowhisker substrate. (c) 2hr annealing and 10 min growth at 1000 oC. (d) Raman spectrum of 
graphene grown by the conditions of (c) and transferred onto a silicon substrate.  
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The contact angle of a water droplet on the 3D graphene surface on the PDMS substrate is as high as 
170o, much greater than that of the control sample (flat bare PDMS, g) (120 o) and the lotus leaf (150o). 
We observed that the surface of PDMS becomes hydrophilic after etching of Cu substrate in a NaOH 
solution for a day. In order to recover the original hydrophobicity of PDMS, we heated the control 
PDMS sample and the graphene coated PDMS sample on a hot plate overnight or treated the samples 
with silane. After heat treatment or chemical modification of the surface by the silane treatment, the 
surface of the lotus leaf-like graphene structure again became apparently superhydrophobic, with a 
contact angle of 170, whereas the corresponding values of PDMS are 150. Importantly, the 3D graphene 
retains the fundamental property of a reasonable sheet resistance of 400 Ω/, which is adequate to be 
utilized as a hot wire, even with a curved shape and even after the silane treatment. This strongly 
suggests the possibility of realizing a superhydrophobic 3D graphene electrode on a flexible substrate. 
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Figure 19 : a-b) SEM image of the top surface of a lotus-leaf (a), and lotus leaf-inspired graphene grown on 
copper (b). In both cases, the inset is a photograph of a water droplet on each substrate, and the water 
droplet remains with very small contact on the substrate. The slight translucency of the film in the inset of 
figure 2b is due to the scattering of light caused by many pores in the 3D structure. c-d) Photograph of a 
water droplet on hydrophilic Cu (c), graphene/Cu surface (d), and lotus leaf inspired graphene/Cu surface 
(e). (f-h) Photograph of a water droplet on a lotus-leaf (f), on a plain hydrophobic PDMS (g), and on a 3D 
graphene/PDMS (h). 
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4.4 Conclusions 
we have created a lotus leaf-inspired 3D graphene electrode with water repellant properties via 
morphological change during the processes of oxidation of a flat Cu substrate and subsequent reduction 
of well-organized CuO under CVD growth conditions of graphene. The tailored synthesis of CuO and 
thus systematically reduced Cu with a surface morphology of double hierarchical bumps presents an 
ideal nucleation surface for various shapes of graphene, from rose-like rather flat graphene to lotus leaf-
inspired 3D graphene structures. The contact angle of a water droplet on lotus leaf-inspired graphene 
reaches 170o, while the electrical resistance is as low as 400 Ω/sq. Our results suggest excellent 
capability of lotus leaf-like 3D graphene structures as electronic devices with both a super-hydrophobic 
property and electrical properties in large-scale production. 
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